Abstract. Previous studies revealed that leptin induces the growth and proliferation and inhibits the apoptosis of lung cancer cells. However, the effect of leptin on epithelial-tomesenchymal transition (EMT) is not yet clear. In the present study, the effect of leptin on EMT was investigated as well as its underlying mechanisms in A549 cells. The ability of leptin to induce EMT was investigated by microscopic examination and western blotting. The impacts of leptin on cell migration, invasion and tumorigenesis were evaluated by wound healing, Transwell and colony formation assays, respectively. It was demonstrated that leptin induced EMT-associated morphological changes, namely a decrease in cell-cell contact and a more elongated morphological shape. Leptin decreased the expression levels of epithelial phenotype markers E-cadherin and keratin, increased the expression of mesenchymal phenotype marker Vimentin, and raised the expression of EMT-induced transcription factor ZEB-1. In addition, leptin activated the extracellular signal regulated kinase (ERK) signaling pathway and did not affect the activation of the protein kinase B signaling pathway in A549 cells. Leptin also promoted EMT-induced migration, invasion and tumorigenesis in vitro in A549 cells. The present study provides evidence that leptin induced EMT via the activation of the ERK signaling pathway and increased EMT-induced tumor phenotypes in lung cancer cells. These findings suggest that leptin may be a promising target for lung cancer treatment through the regulation of EMT.
Introduction
Lung cancer, one of the most aggressive tumors with a high incidence rate, is the leading cause of cancer-associated mortality both worldwide and in China (1) . Nearly 85% of all lung cancer cases are classified as non-small cell lung cancer (NSCLC) and its 5-year survival rate does not often reach 15% (2) . In clinic, according to the histological characteristics, NSCLC is divided into 3 types, including adenocarcinoma, squamous cell carcinoma, and large cell lung cancer (3) . At present, >70% of NSCLC patients exhibiting metastases to the regional lymph nodes or to distant sites, are at advanced stages at diagnosis (4) . Therefore, it is urgent to investigate the targets and explore the mechanisms of NSCLC for early diagnosis and comprehensive treatment.
The metastatic process of cancer can be categorized into 3 stages, namely, tumor cell invasion into surrounding tissue, intravasation into blood or lymphatic vessels, and extravasation into a new host environment (5-7). Epithelial-to-mesenchymal transition (EMT), the ability of epithelial cells to convert from a polarized morphology to a loose mesenchymal phenotype, plays an important role in the process of cancer metastases (8) . Accumulating evidence shows that EMT occurs through numerous cellular and molecular alterations, including a gain of Vimentin and Fibronectin expression, and loss of E-cadherin and Keratin at the cell membrane (9, 10) . Moreover, EMT allows the transient cells to have increased cell mobility, tumor invasion and metastatic dissemination and to be more resistant to cytotoxic drugs (11) . Secreted growth factors, notably transforming growth factor-β (TGF-β) and epidermal growth factor (EGF), can lead to the activation of EMT of cancer cells through the activation of downstream pathways, such as PI3K/AKT, ERK/MAPK and Smad pathways.
Leptin, encoded by the ob gene on chromosome 7, is a 17 kDa protein composed of 167 amino acids, which primarily regulates appetite and weight. Furthermore, leptin is also considered to play a role in the pathogenesis of several cancer types, including breast and thyroid cancer, hepatocellular carcinoma, colorectal and pancreatic cancer (12) (13) (14) (15) (16) (17) (18) (19) (20) . With regards to lung cancer, studies have mainly focused on the role of leptin in the carcinogenesis and proliferation of lung cancer cells. However, few studies have investigated the association between leptin and the metastasis of lung cancer. A previous study demonstrated that leptin is differentially expressed in lung cancer tissues that do not occur or metastasize, and the expression of leptin is increased in lung cancers with bone metastasis (21) , indicating that the leptin pathway may be involved in the metastasis of lung cancer. However, the effect and mechanisms of leptin on metastasis of lung cancer have not yet been fully elucidated.
The present study, therefore, examined the effect of leptin on EMT, a crucial stage in the metastatic process, and explored the underlying molecular mechanisms in A549 lung cancer cells. Our results demonstrated that leptin promoted EMT and regulated the expressions of EMT-related markers and transcription factors through the activation of the ERK signaling pathway. Furthermore, leptin promoted EMT-induced migration and invasion in A549 lung cancer cells. Cell culture and grouping. A549 cell line [obtained from the American Type Culture Collection (ATCC) Rockville, MD, USA] was maintained in RPMI-1640 medium. The medium was supplemented with 10% fetal calf serum (FCS), 100 U/ml of penicillin and 100 U/ml of streptomycin and all the cells were kept at 37˚C in a humidified atmosphere containing 5% CO 2 and 95% air. Cells were divided into the following groups: i) Control group (n=6), cells were treated under normal conditions; ii) leptin group (n=6), cells were treated with leptin (100 ng/ml) for the indicated time period; and iii) TGF-β1 group (n=6), cells were treated with TGF-β1 (5 ng/ml) for the indicated time period.
Materials and methods

Reagents
Western blotting. After protein quantitation using a Coomassie brilliant blue assay, 50 µg protein was boiled in loading buffer, resolved on 10% SDS-polyacrylamide gels, electrotransferred to nitrocellulose membranes, and probed with antibodies against E-cadherin (1:2,500), Keratin (1:1,000), Fibronectin , total-ERK (1:500), total-AKT (1:500) and β-actin (1:1,000) overnight. The secondary antibody (anti-mouse or anti-rabbit IgG peroxidase conjugated; 1:1,000) was incubated with the membranes and the relative content of target proteins was detected by chemiluminescence.
Wound healing assay. For the wound-healing assay, cells were plated into 6-well plates and grown under normal conditions. When cells grew into a monolayer, a plastic pipette tip was drawn across the center of the plate to produce a clean 1-mm-wide wound area after the cells reached confluency. Then, cells were cultured in medium with 1% FCS for 24 h.
The cell movement into the wound area was examined by a phase-contrast microscope.
Matrigel invasion assay. The invasion assay was carried out using a Transwell plate (Corning Costar Corp.) precoated with Matrigel (BD Biosciences). Briefly, the Transwell plate was placed on a 24-well plate, and 400 µl culture medium (10% FCS) was added to the lower chamber as a chemoattractant. Then, 200 µl cells (1x10 5 ) suspended in culture medium with 1% FCS were added to the upper chamber. Cells in the invasion chambers were incubated in a humidified incubator for 24 h. The cells that traversed the membrane pore and spread to the lower surface of the filters were stained with 5% Giemsa solution for visualization. Cell invasion viability was expressed as a percentage of the value of the control group.
Colony formation assay. A soft agar colony formation assay was performed to assess the anchorage-independent growth ability of cells as a characteristic of in vitro tumorigenicity. Briefly, A549 cells were detached and plated on 0.3% agarose with a 0.5% agarose underlay in 6-wells (1.0x10 4 cells/well). The number of foci (>100 µm) were counted after 17 days. Each experiment was performed in triplicate.
Statistical analysis. Each experiment was repeated at least 3 times. Bands from western blotting were quantified by Quantity One software (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Relative protein levels were calculated by referring them to the amount of actin. Data are expressed as the mean ± standard error of the mean. The difference between means was analyzed by one-way analysis of variance, followed by a Dunnett's test for multiple comparisons. All statistical analyses were performed using SPSS 11.0 software (SPSS, Inc., Chicago, IL, USA). A statistical difference was accepted as significant if P<0.05.
Results
Leptin induces morphological changes of EMT in A549 cells.
It has been reported that A549 cells undergo EMT phenotypic changes when cells are exposed to TGF-β1 (22, 23) . As a result, we used TGF-β1 as a positive control and to see if leptin also induced EMT in A549 cells. After exposure to leptin or TGF-β1 for 48 h, we found that A549 cells in the two groups all changed to a mesenchymal phenotype, as revealed by an elongated and disseminated appearance (Fig. 1) . These findings indicated that leptin induced EMT in A549 cells.
Leptin regulates the expression levels of EMT markers in A549 cells. To further confirm that leptin could lead to EMT, the expression levels of EMT-related markers were measured by western blotting. As shown in Fig. 2 , compared with the control group, both leptin and TGF-β1 downregulated the expression levels of epithelial phenotype markers E-cadherin and Keratin ( Fig. 2A and B) . TGF-β1 also upregulated the expression levels of mesenchymal phenotype markers Fibronectin and Vimentin ( Fig. 2C and D) . Meanwhile, leptin did not change the expression of Fibronectin, but significantly increased Vimentin expression in A549 cells (Fig. 2C and D) .
Leptin increases the expression levels of EMT-induced transcription factors in A549 cells.
To confirm the mesenchymal phenotype, we assessed the expression levels of transcription factors of EMT such as ZEB-1 and Twist. Results from western blotting showed that ZEB-1 was significantly increased in the leptin and TGF-β1 groups compared with the control group ( Fig. 3A and B) . The level of Twist was also upregulated by TGF-β1 (Fig. 3A and C) , but its level was not influenced by leptin (Fig. 3A and C) .
Leptin activates EMT-related ERK signaling pathway in A549 cells. It has been reported that ERK and AKT pathways play an important role in modulating EMT. Therefore, the present study next investigated the effect of leptin on ERK and AKT activation in A549 cells. Our results showed that TGF-β1 induced the activation of ERK and AKT, in accordance with results from previous reports, which was demonstrated by the upregulation of phosphorylated ERK and AKT (Fig. 4) . In addition, leptin significantly increased the expression of phosphorylated ERK, which indicated activation of the ERK pathway ( Fig. 4A and B) . However, leptin did not change the expression of phosphorylated AKT (Fig. 4C and D) .
Leptin enhances EMT-induced tumor phenotypes in A549 cells.
Previous studies have shown that tumor cells with EMT phenotype are more motile resulting in increased migration, invasion and metastatic abilities (24) . Although leptin induced EMT in A549 cells, whether leptin could regulate EMT-induced aggressive behaviors in A549 cells remained unclear. To investigate if leptin influences cell migration, the present study compared the migratory rate of the tumor cells in a wound-healing assay. We found that leptin significantly increased cell migration after wound induction for 24 h (Fig. 5A) . Similarly, the cell invasion potential, which was measured in a Matrigel-coated Transwell assay, was significantly raised by leptin pretreatment (Fig. 5B) . Moreover, the tumorigenic phenotype was also augmented by leptin as documented by the clonogenic growth assay (Fig. 5C ).
The regulatory mode of leptin was the same as that of TGF-β1 (Fig. 5) . 
Discussion
In the present study, we showed the important role of leptin in the development of EMT in A549 cells. First, we found that leptin could induce A549 cells to change from an epithelial phenotype to a mesenchymal phenotype. Second, leptin downregulated the expression levels of epithelial phenotype markers E-cadherin and Keratin and upregulated the expression of mesenchymal phenotype marker Vimentin in A549 cells. Third, leptin increased the expression of EMT-induced transcription factor ZEB-1 and the activation of ERK signaling pathway in A549 cells. Fourth, leptin enhanced EMT-induced cell migration, invasion and tumorigenic phenotypes in A549 cells. Together, these findings suggested that leptin is important in inducing EMT in A549 lung cells.
Leptin is mainly synthesized and secreted in white fat (25) , but many other tissues also secrete a small amount of leptin. Leptin mainly functions in combination with its functional receptor Ob-R. The main role of leptin is to regulate metabolism by inducing anorexigenic factors and suppressing orexigenic neuropeptides (26) . Moreover, recent reports suggest that leptin is involved in the regulation of immune function, reproduction, hematopoiesis, and blood pressure.
Studies have shown that leptin and its receptors are highly expressed in lung cancer tissues (27) , and the leptin receptor gene polymorphism determines the susceptibility of NSCLC (28) , indicating that the leptin pathway is related to the occurrence of lung cancer. In A549 cells cultured in vitro, leptin promotes the growth of lung cancer cells by inhibiting apoptosis (29) , and promotes the immune escape of tumor cells by inducing proinflammatory cytokines and inhibiting apoptosis in cells (30) . Leptin can promote the proliferation of A549 cells through blocking endoplasmic reticulum stressmediated apoptosis and this blocking is mediated by the p-Perk and ATF6 pathway through blocking the activation of CHOP (29, 31) . Moreover, downregulation of leptin inhibits growth and induces apoptosis of lung cancer cells via the Notch and JAK/STAT3 signaling pathways, which suggests that leptin knockdown could become a new approach for the prevention of lung cancer progression (32) . However, few studies have been reported to investigate the effect of leptin on invasion and migration and the underlying mechanisms in lung cancer cells. In the present study, we attempted to observe the involvement of a previously unknown mechanism, EMT, in the leptin-induced invasion and migration in A549 cells.
EMT is characterized by a switch from an epithelial phenotype of polarized cells expressing epithelial markers to a mesenchymal phenotype of cells with downregulation of epithelial markers and upregulation of mesenchymal markers that lack polarity and are motile. As EMT is a critical step in the development of metastases, it is an attractive target for anticancer therapeutic strategies (33) . In the present study, we first investigated the effect of leptin on EMT in A549 cells. Results showed that leptin induced EMT in a similar way to TGF-β1 in A549 cells, as proven by the morphological change (Fig. 1) . The effect of leptin was further confirmed by the decrease in the expression levels of the epithelial phenotype markers E-cadherin and Keratin and the increase of the mesenchymal phenotype marker Vimentin (Fig. 2) . Transcriptional factors such as ZEB-1 and Twist play a central role in EMT, which have been reported to serve as mesenchymal markers (34, 35) . Then, we next examined whether leptin affected EMT-induced transcription factors. Our results demonstrated that expression of ZEB-1 was increased by leptin (Fig. 3) . To mechanistically understand how leptin affected EMT, we investigated two main molecules, namely ERK and AKT, which are involved in the MAPK and PI3K/AKT pathways, respectively, and are key for EMT initiation and maintenance (36, 37) . TGF-β can activate Akt and ERK signaling pathways that are activated by tyrosine kinase receptors or other receptor types in response to their respective ligands (37) . TGF-β-induced activation of Akt and ERK pathways has been linked to the characteristics of EMT, such as cytoskeletal organization, cell growth, survival, migration, and invasion (38) . Our results showed that TGF-β1 greatly increased the activation of ERK and AKT pathways (Fig. 4) . Leptin activated the ERK signaling pathway and did not influence the AKT pathway in A549 cells. Theses results suggested that the activation of ERK was probably responsible for the induction of leptin-induced EMT.
EMT is able to increase cell adhesion, migration, invasion, tumorigenesis and drug resistance in cancer cells (24, 39, 40) . Therefore, we next investigated whether leptin could increase EMT-induced malignant phenotypes in A549 cells. Results from the wound-healing assay and Transwell assay indicated that leptin increased the movement and the migratory and invasive abilities of A549 cells ( Fig. 5A and B) . Furthermore, the clonogenic growth assay revealed that leptin also promoted tumorigenesis in lung cancer cells (Fig. 6C) . These data suggested that leptin increased lung cancer cell invasion and metastasis by inducing EMT.
Consistent with the results of the present study, a previous report regarding the mechanism of leptin in the promotion of EMT leading to metastasis in A549 lung cancer cells was studied (21) . In the previous study, the incidence of EMT in A549 cells was examined by real-time PCR and immunofluorescence staining. Furthermore, it was found that in patient samples leptin was present at higher levels in samples associated with diagnosis of lung cancer bone metastases tissue than lung cancer tissue. The results also indicated that leptin promoted the metastasis of A549 cell lines by inducing EMT in a TGF-β-dependent manner, which is another mechanism accounting for the effect of leptin on EMT.
Numerous studies in vivo have found that leptin is involved in tumorigenesis and the progression of lung cancer. The serum leptin level has been shown to increase in patients with NSCLC. When stratifying the groups according to the lung cancer histological subtypes, mean serum leptin level is significantly higher in patients with adenocarcinoma compared with squamous cell subtype (41) . A meta-analysis indicated that a subgroup analysis in high-study quality group found a weak association between serum leptin concentration and lung cancer in the Chinese population (42) . Another study showed that the expression levels of leptin and leptin receptor in primary pulmonary adenocarcinoma tissues were associated with their expression levels in bone metastatic tissue (43) . Further results indicated that the serum leptin level had prognostic indications in patients with advanced lung adenocarcinoma during cisplatin/pemetrexed chemotherapy (44) . However, these studies were inconsistent. Results found that patients present significantly lower serum leptin levels compared with control group (45, 46) and that the serum leptin level has no prognostic indications in advanced lung cancer patients (46) . The reasons for the divergence may be interpreted that the selected population and the inclusion criteria were different. Based on the results obtained, the role of leptin in vivo has not been fully elucidated and further studies are required in order to clarify this.
In summary, the present study provides evidence that leptin induces EMT via activating the ERK pathway. Furthermore, leptin also increases EMT-induced invasion, metastasis and tumorigenic characteristics in lung cancer cells. At present, although further investigations are need to study the effects of leptin in vivo, our findings suggest that leptin may be a promising target for lung cancer treatment.
